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LIST OF TABLES Table 1   Table 2   Table 4 Table 5 Table 6   Table 7   Table 8   Table 11   Table 12   Table 13 Properties of the Original Alumina Balls ... The first task in this project was to prepare copper oxide loaded'alumina balls from Alcoa alumina balls using the procedure developed by PETC. The alumina balls were to be 1.5 mm average diameter [= 7 x 14 mesh = 1/16 inch], so that the material could be fluidized.
The CuO/alumina balls are to be used in the PETC flue gas S@ removal and nitrogen oxide 
4127OC
The reduction of the copper sulfate can also be done with hydrogen, carbon monoxide, or mixtures of the two ["synthesis gas"] under similar conditions. The copper is oxidized to cupric oxide by the residual oxygen in the flue gas when the balls are returned to the absorber.
CU 4-0.5 (g) ------> CUO(S)
The alumina is the carrier for the copper compounds. It allows the copper compounds to be sufficiently dispersed for the sulfur diolxide to react with most of the CuO and the product copper sulfate to be reduced at a practical rate. Pure copper oxide would not react completely either in the absorption or the regeneration step, due to mass transfer limitations. This is illustrated by the surface area of pure , which was too low to be measured by the nitrogen BET method [c 0.2 m2/g; ATC ANCH J.O. 94-07051OJ.
Nitrogen Oxides Removal [Catsliyzed by CuSO4 and/or CuO] :
The nitrogen oxides are reduced by ammonia in the reactor in which the sulfur dioxide is being absorbed. Both CuO and CuSO4 are catalysts for the reaction of ammonia with nitrogen oxides to form elemental nitrogen.'
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Experimental
The alumina balls were all samples of commercial production from Alcoa's Vidalia, LA, works. The cupric nitrate and cupric sulfate [Fisher 493-5001 were both reagent grade.
The drying and calcination of the cupric nitrate solution loaded balls followed the procedure [ 1, p. 2231 described by PETC as closely as possible. The only exception was that the calcination of the cupric nitrate loaded balls was done in air instead of nitrogen. The procedure is outlined below.
1.
2.
Soak the neutralized and dried A1203 balls in aqueous Cu(N03)2. The soaking time was selected by breaking a sample of 4 or 5 balls at various times. When each fractured ball appeared blue to the center [to the unaided eye], the soak time was considered to be sufficient.
Dry at 150°C for 16 hours.
3. Calcine at 65OOC for 6 hours. The result is the decomposition of the copper nitrate according to the equation given below. This was done at 650OC for the materials prepared for PETC because this was the recipe used in the original PETC work. Some later materials were calcined at 450°C or at 55OoC, because other work2 has shown that cupric nitrate is completely decomposed to CuO, even at 400°C. The lower calcination temperature retains more of the strength of the alumina balls.3
Several batches of alumina balls were treated using the method developed by J. A balls had the best attrition resistance of the Alcoa products, but were not as good as the alumina balls which PETC had previously used to make CuO/Al203 sorbents.
B. Materials Prepared by the Quaylehwe Process
This method was tested because it offered a good prospect of distributing the copper oxide evenly over the alumina surface.
Quayle and Lowe demonstrated4 the reaction of copper amine sulfate solutions with spray dried rehydratable alumina powder which was rehydrated to the extent of having a 25% LOI. Thus, tests were needed to determine how much copper would be deposited on activated alumina balls. The chemistry of this process [as far as it is understood] is outlined below.
1. Form aqueous copper amine sulfate solution
React with transition alumina balls:
20-5OoC
The copper levels of the CuO/alumina materials made by this process were too low unless very large solution volumes were used per weight of alumina balls [Table 111 . The ammoniacal cupric sulfate solutions also developed large amounts of light colored sludge. This suggested the possibility of considerable by-product waste disposal problems if this process were operated on a large scale. For these reasons, work on this approach was stopped.
C. Alumina Balls Loaded with CuSO4
The CuO/Al203 absorbent can be prepared indirectly by impregnating the alumina balls with CuSO4 solution. This idea was proposed at the 1994-07-20 PETC conference in Pittsburgh.
Copper sulfate loaded alumina would be added to the regeneration step of the SO2 absorption process. The regeneration process would convert to copper sulfate to CuO, just as it converts the CuSO4 formed in the absorption step by the reaction of S@, CuO and oxygen. The regenerated material is then fed to the absorption step. temperature. This would be a considerable help for absorbent production plants which do not have kilns with off gas scrubbers.
Cupric sulfate loading also should avoid decrepitation of the product due to expansion when CuO is converted to CuSO4, since the copper is deposited in the pores of the alumina as a CuSO4 hydrate in the first place. This should avoid the pressure on the alumina pores caused by the expansion when copper oxide is converted to cupric sulfate [the presumed cause of decrepitation of Cu/A12O3 which contains more than 7.58 C u e ] . This is a hypothesis which must be tested by passing material through several cycles of the PETC SO2 absorption process.
The CuSO4 concentration in the impnegnation solution must be sufficient to give the desired copper loading when the pores of the alumina balls are filled with the solution. The water solubility of CuSO4 is too low at morn temperature to give the desired copper loading with balls which have 0.50 to 0.58 c d g pore volume. The desired concentration of CuSO4 [equivalent to 7.5 wt.% Cu, when the copper is present as CuO] can be obtained by heating the solution to about 60OC.9 The concentration of CuSO4 can be increased by using even higher solution temperatures, but we expect that the slolution may attack the alumina balls if the temperature and CuSO4 concentration are increased sufficiently, because cupric sulfate solutions are acidic. and sulfuric acid is known to attack aluminum hydroxide more rapidly than nitric acid. 10 By analogy, we expect that other acidic sulfate solutions, such as cupric sulfate, will attack alumina more rapidly than copper nitrate solutions. The cupric sulfate solution soaked alumina balls were the dried. The level of hydration of the cupric sulfate depends strongly on the: drying temperature. The dehydration reactions are:
C~S04*H20 ------> C U S O~+ H20(g) respectively]. The equilibrium constants and heats of reaction were calculated at 298 K. and then the equilibrium constants at the other temperatures were calculated using the integrated Clausius-Clapeyron equation,
This assumes that the heats of dehydration are constant over the temperature range of integration.
Experimental tests of the dehydration of cupric sulfate hydrates are in general agreement with these estimated equilibrium constants. However, the removal of the last water of hydration is said to be gradual over a wide range of temperature.12 The cupric sulfatefalumina materials produced in this work must either never be completely dehydrated or they re-absorb moisture on cooling, because these materials always have a dark green color, while anhydrous cupric sulfate is reported to be nearly white. Re-absorption of water must be considered likely, since anhydrous cupric sulfate has been used as a desiccant.l3
Water re-absorption is sure to add to the variability of the copper analyses of the material which contains cupric sulfate. Samples will gain weight, depending upon variations in laboratory relative humidity and the time for which the ground sample is exposed to the air before digestion.
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(SUGGEST MTENW SOAK TME MWLISE OF URGER MU MAMETER' I) SOME M U S WERE REMOVED AFlER
M E REACTlON TEMPERATURES AT22 DEGREES CENTIGRAOE WERE OBTAINED IN THE S W E R BATH.
3. SOLUTION SOAK TIME 2lhrs.: COPPER AMINE SULFATE 1.0 M NH3 (67.5 mM FISHER A669S-212) WITH 62.4 gmdl CUPRIC SULFATE (FISHER C493-500). Gas Cleanup Processes (specifically the Moving-Bed Recess). PETC will provide some laboratory assistance to Ahma in return fora well-characterized sorbent and a large batch of an improved sorbent that could be used in future process developmental unit (PDU) studies at PETC. The work will be divided into three phases.
The Copper Oxide Processes that have been researched in the flue gas cleanup area can simultaneously remove both S a and NO, pollutants from the flue gas produced by combusting coal in a utility boiler. The sorbent that has been traditionally used in this work consists of 1/16 inch spheEs of gamma alumina impregnated w i t h copper oxide. To date, the best sorbent tested (Sorbent A) is manufactured by a catalyst company.
Previous information w i l l establish a benchmark with Sorbent A with respect to reactivity performance and attrition performance and w i l l be used as a comparison for any other proposed sorbents. Alcoa will attempt to develop a copper oxidddumina sorbent that will, as a minimum, meet the qualifications of Sorbent A. If successful, Alcoa may be able to provide a potentially marketable, improved sorbent for the Copper Oxide Processes.
Phase I Alcoa will fabricate a sorbent according to the specifications of PETC: A PETC-formulated impregnation technique for deposition of copper oxide within alumina will be fbllowed. The copper content, the alumina material, the size of beads, and the preparation technique including calcination will be recommended by P E T . Alcoa will provide an alumina sphere made by a proprietary process. PETC will perform microbalance or TGA studies on some of these representative samples of sorbent produced during the large batch production. Ultimately, PETC will investigate the performance of the large batch sorbenit in the LCIS for a minimum of one week (five continuous days) of operation.
A brief, timely written summary of the proceedings of this phase will be done for each task by the responsible party.
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